Introduction
A number of fuel-cell systems under development use perfluorinated ionomer membranes for both the separator and the electrolyte. Proton conductivity is strongly coupled to the hydration of the polymer, and therefore, it is vital to manage the water content in the separator of the solid-polymer-electrolyte fuel cell to maintain sufficient electrical conductivity for practical use. Cell efficiency is related to the transport properties of the membrane and may be the critical factor in load-leveling devices, for example, if the kinetics of the reactions are fast [l] .
From the inception of solid polymer-electrolyte fuel cells, water-transport was recognized as a possible problem [2] .
The motion of water is caused by a gradient in its chemical potential and by the movement of hydrogen ions, which is proportional to the current. The electroosmotic drag coefficient e,
is defined here as the number of water molecules moving with each hydrogen ion in the absence of concentration gradients. e can be related to the transference and transport numbers of water, as will be shown later.
Previous work shows that for each hydrogen ion that moves across a fully hydrated membrane about three water molecules are carried along. [3] [4]
[5 ]
Earlier methods to determine the electroosmotic drag coefficient measured the flux of water across the membrane at constant current. The membranes were always in direct contact with liquid water, and therefore, the water concentration in the membrane was fixed at A=22, where A is the number of water molecules per sulfonic acid group.
Changes in the pretreatment of the membranes permit limited variation in the water content of the membranes that are equilibrated with liquid water. Springer et al. [6] used this approach to measure e at A=ll. The pretreatment, however, can affect the transport properties of the membrane as well. Furthermore, this method still does not allow examination of e at low water contents, which is critical to the modeling of fuel-cell operation.
Water content in the membrane can be controlled over a wide composition range by equilibrating the membrane with a known partial pressure of water. Our attempts to measure the flux of water from the gas phase and to eliminate concentration gradients were difficult and proved
unreliable. An alternative approach using the potentials of cells with transference was developed to measure the transport number of water in ionically conducting polymers over a large range of water contents.
Theory
Transport properties can be obtained from electrochemical cells with a single electrolyte of varying concentration [7] . The cell poten-.tial depends not only on thermodynamics but also on the transport properties of the system in the transition region. The transport number of water in an ionically conducting polymer can be obtained by analyzing the concentration cell shown below. 
FU=-RT
To analyze the system further we must examine the transport processes in the junction region. A gradient in chemical potential of water exists in the transition region, and diffusion occurs. The mul- and Bennion [9] . For the Nafion membrane used in fuel-cell applications, the transport properties required are: the diffusion coefficient of water, the electrical conductivity, and the transport number of water. L++ is related to the electrical conductivity by K: 
The ratio tlI}/z., also called the transport number, is not necessarily Lithium chloride solutions of various concentrations were put, in the other side. To minimize evaporation from the cell, hydrogen gas passed through a gas-washing bottle filled with a solution of identical composition to that in the corresponding chamber before entering the cell.
The membranes were pretreated with 1 M boiling sulfuric acid to convert to the hydrogen form, and thoroughly rinsed in deionized water.
The electrodes were fabricated from platinum mesh that was platinized with Hellige platinizing solution to ensure highly reversible reactions.
The mesh was spot welded to platinum wire, which served as the electrical lead.
The entire cell was placed in a water bath maintained at a constant temperature ±O.loC.
After the addition of a new solution of lithium chloride, the sys- ~~ is calculated from equation 13.
The potential due to differences in hydrogen pressure, which is important at higher temperatures (see equation 3), was calculated assuming a total pressure of 1.01 bar and subtracting the partial pressure of water. The errors because of slight differences in the total pressure in the two chambers was believed to be small, but was not measured.
Results and Discussion The data were fitted with an analytic expression (as shown in figure 3), and that expression was differentiated rather than differentiating the data directly. Many functional forms were tried to fit the data, using a least-squares routine to minimize the total error. In order not to ~rejudice the results; we only required that the potential approach a constant as the activity of water approaches zero. A threeparameter polynomial and an exponential function gave the best results.
The latter form used to interpret the data was figure 3 for both a polynomial and an exponential fit.
Since this is a derivative method, the greatest error is expected at the ends. As the concentration of water tends to zero, the transport number must also approach zero, which 'implies that the potential must become constant; but there is no similar asymptote as the membrane becomes fully hydrated.
To relate the transport number of water to the concentration of , .
water in the membrane, instead of the activity of water, an adsorption isotherm is needed. This thermodynamic relationship was measured at 30°C by Zawodzinski et a1. [12] .
In the absence of other data, this relationship was assumed to hold at other temperatures. Figure 4 shows the results at 25°C of the present analysis; the theoretical maximum value, which is discussed below, and other data available in the literature.
At 25°C, the electroosmotic drag coefficient is about 1.4, decreases with lower water content at moderate hydration, and falls sharply as the membrane is fully dehydrated. The values are not in complete agreement with those measured at >.=11 [6] . The differences in pretreatment could cause the discrepancy. At low water contents, the value of € begins to drop sharply in accordance with the theoretical [6] , and the square is our unpublished result from the gas-phase flux measurements.
maximum.
Physically we can picture that the first waters of hydration are tightly bound, and therefore the transport number is close to one.
Only when the membrane is dehydrated does the transport number fall below one and approach zero . A membrane that has received identical pretreatment will have a different water content when exposed to liquid water as opposed to saturated water vapor. Thus, the concentration jumps from about A=14 to A=22 on figure 4 , and we can also expect the transport properties to change abruptly as well.
The coupling between transport processes precludes one from obtaining any coefficient completely independently of the others. For an isothermal, isobaric system, with no chemical reactions, the equation of entropy production is given by
which must be positive. Any experimental determination of the transport properties should be consistent with the second law of thermodynamics.
Equation 4 is substituted into 24, and for our ternary system
Therefore, to ensure positive production of entropy
Finally we can conclude that and
These last two equations are equivalent to the requirement of the second law of thermodynamics that the conductivity and diffusivity be positive quantities.
The second law, however, makes no restriction on L , or on the 0+ transport number of water. Although it is physically reasonable for the frictional coefficient to be positive, K .. may be less than zero without ~J violating the second law of thermodynamics. Robinson and Stokes [10] for example, discuss cation transference numbers that are negative for zinc halide systems. In these systems, the zinc is believed to be complexed with the halides to form a negative ion, which results in a negative transference number for the zinc cation. Thus, we can still argue that if the speciation is done properly we will not obtain negative transport numbers. If the speciation is correct for our system and the frictional coefficients are positive, one can conclude from equations 7 to 11 that The dependence of the transport number of water on concentration is needed in the modeling of fuel cells. Two assumptions that have been used are: the transport number is constant [13] and e proportional to A [6] . We can integrate equation 14 and compare the predicted potential of the cell to the experimental measurements, as figure 5 shows for these two assumptions. The assumption that the transport number is proportional to A predicts a much lower potential than was observed and is clearly not consistent with the experimental data at low water contents.
Assuming the transport number of water is constant is also inconsistent with the data as well as the theoretical maximum derived earlier. 
